Abstract-Nanosilver paste has become a promising lead-free die-attach material for power electronic packaging. This development solves the challenges faced by power device manufacturers to replace the lead-based or lead-free solders for high-temperature applications. This paper proposes the reliability of a 1200-V/150-A multichip insulated-gate bipolar transistor (IGBT) module using pressureless sintering of nanosilver paste as die attachment. The degradation in harsh environment was compared between the proposed IGBT module using pressureless sintered nanosilver and the commercial one using Sn5Pb92.5Ag2.5 solder by power cycling with two different test conditions. The device junction-to-case thermal resistance, I-V characteristics, and switching performance were measured at various numbers of cycles. The results show that the pressureless sintered nanosilver, which was used as the die attachment of the multichip phase-leg IGBT modules, has superior reliability rather than the commercial one.
50%. This has resulted in higher power dissipation densities for the IGBTs due to denser packing of the whole structure. In addition, the high switching frequencies and high voltage of IGBTs also result in higher power dissipation at the die level.
In the last decades, many efforts had been made to increase the power density and heat dissipating capacity of the IGBT modules. Li et al. [4] propose a novel packaging design based on the concept of N-cell and P-cell to directly reduce the stray inductance inside of an IGBT power module. Compared with commercial modules, this novel method was expected to reduce the inductance by 50%. Mirzaee et al. [5] designed IGBT modules with SiC diodes instead of traditional Si diodes. It shows that the IGBT module with SiC diode shows less switching loss than the one with Si diode, particularly at higher switching speed and lower gate resistance due to prevention of reverserecovery-induced loss mechanisms. Hensler et al. [6] tried to use the low-temperature joining technique (LTJT) to join the power chips instead of traditional solder reflowing. The power modules using the LTJT shows excellent reliability compared to standard ones. However, all of these reported power modules by LTJT were in use of auxiliary pressure, which may crack the power chips and still complicate the manufacturing process. Recently, we added some specific organics in the nanosilver paste to increase the chemical driving force instead of mechanical one, which could get rid of the auxiliary pressure for low-temperature sintering of nanosilver paste [7] . Then, we bonded large-area Sibased IGBT chips with direct-bonded-copper (DBC) substrate by pressureless sintering of nanosilver paste. The electrical and switching characteristics of the IGBT module with pressureless sintered nanosilver show comparable performance with those of high-temperature solder, i.e., Sn5Pb92.5Ag2. 5 .
Besides the performance, the reliability of the IGBT module is also an important item that both manufacturers and users extremely care. The reliability of IGBT module mainly depends on the thermal stress caused by the material mechanical deformation, which is a heat and mechanical process [8] . During the operation, the total power, losses including switching loss, conduction loss, and leakage current loss, could cause the junction temperature rise greatly. The device constantly endures temperature swings during the operation. IGBT module is usually with a multilayer architecture that is assembled by different materials, e.g., silicon, solders, copper, and ceramic. During the temperature cycling, these materials are subjected to compression or tensile stresses because of the mismatch of their thermal expansion coefficients (CTE) [9] . As a result, the stresses could destroy any joint in the power module potentially, e.g., die attachment and wirebond, resulting in the module failure. Ji et al. [10] have studied the multiobjective design optimization of IGBT power modules to improve reliability and prolong lifetime. The multiobjective optimization strategy was designed considering different failure mechanisms, e.g., material degradation, fatigues by temperature cycling, power cycling, and vibration.Özkol et al. [11] had studied the HiPak modules using heavy ribbon bonding instead of the standard wire bonding as emitter interconnection. It was found that the lifetime of power cycling of the HiPak modules with the heavy ribbon bonding was improved up to four times compared to the standard modules using wire bonding. Kim et al. [12] had replaced traditional Al 2 O 3 -DBC substrate with AlN-DBC substrate because of its higher thermal conductivity to reduce the rise of junction temperature by power loss, leading the lower thermomechanical stress and better reliability consequently.
In addition, conventional solder reflowing had been widely used in electronic packaging [13] ; however, they are susceptible to thermal fatigue and creep during long-term service, particularly at high temperatures [14] , [15] . People then have also paid attention to study the reliability of power modules using different bonding techniques, e.g., transient liquid-phase (TLP) bonding and LTJT, for high-temperature applications. Yoon et al. [16] showed that the joint by the TLP had passed 1000 thermal cycles (−40 to 200°C) without any significant delamination. Although TLP seems to be promising as a robust die-attach material, cost and reliability issues [17] , [18] are the main deficiencies for wide usage.
The other approach is to use LTJT to attach power devices for high-temperature applications. Many people have studied the reliability of the mechanical properties of sintered silver joints, e.g., ratcheting fatigue failure [19] , [20] , visco-plastic deformation [21] , and isothermal low cycle fatigue behavior [22] . For example, Chen et al. [23] claimed that sintered nanosilver joint has demonstrated a longer fatigue life and better response to shearing and cyclic loading than SAC305 joint, especially at high temperatures.
Recently, several research groups, e.g., Fraunhofer Institution, had reported the reliability of die attachment using sintered nanosilver by both power cycling tests [24] [25] [26] and thermal cycling tests [27] , [28] . For example, Knoerr et al. [29] had compared the reliability of sintered nanosilver with two conventional solder alloys, i.e., Sn96.5Ag3Cu0.5 (SAC305) and Pb95Sn5. The lifetime of the sintered nanosilver could be up to 646 cycles by the thermal cycling test (−55 to 175°C), while the lifetime of Pb95Sn5 solder and Sn96.5Ag3Cu0.5 solder was only 87 cycles and 51 cycles, respectively. It was concluded that nanosilver paste could be used as a promising lead-free die-attach material instead of high-lead or lead-free solder for power electronic packaging.
Furthermore, many other people had also evaluated the performance of the Si IGBT modules using nanosilver paste in the harsh environment, e.g., thermal impedance [30] , electronics characteristics [31] , [32] . For example, Cao et al. [33] showed that the thermal impedance of SAC305 samples and SN100C samples after 500 thermal cycles (−45 to 125°C) was increased by 12.9% and 13.3%, respectively. The increment was much higher than that of the sample using the pressure-assisted sintered nanosilver, i.e., 3.1%. However, the previous studies were based on the sintering of nanosilver paste with assisted hydrostatic pressure, i.e., 5-10 MPa, which may damage the power chips during the packaging or complicate the processing. Pressureless sintering of nanosilver paste attracted more and more attention consequently. Although Zheng et al. [34] had reported that the die-shear strength of the pressureless sintered nanosilver on a copper substrate had not varied significantly and could still reach more than 30 MPa even after 1000 thermal cycles (−40 to 125°C), the reliability of IGBT modules using the pressureless sintered nanosilver had been seldom reported before. We may concern the degradation of the IGBT modules using the pressureless sintered nanosilver because of lacking data and discussion on reliability tests, e.g., power cycling tests with various conditions.
In this paper, 1200-V/150-A half-bridge IGBT modules were demonstrated by pressureless sintering of the nanosilver paste to bond large-area IGBTs (12.56 mm × 12.56 mm) and diodes (6.3 mm × 6.3 mm). The objective is to compare the reliability of the multichip phase-leg IGBT modules using the pressureless sintered nanosilver with the ones using the high-lead solder, i.e., Sn5Pb92.5Ag2.5, by various power cycling tests, i.e., secondlevel and minute-level power cycling tests. The test conditions in details of the second-level and the minute-level power cycling tests are present in the text below. This paper was organized as follows: Section II described die attachment and package structure of the 1200-V/150-A IGBT modules; Section III evaluated the reliability of the IGBT modules using the pressureless sintered nanosilver and compared the reliability of the commercial ones using soldered Sn5Pb92.5Ag2.5. Fig. 1 shows the comparison of the die-attach fabrication process using nanosilver paste and the commercial high-lead solder, i.e., Sn5Pb92.5Ag2.5 solder, respectively. The nanosilver paste was printed with a cross pattern on the DBC substrate. The cross pattern was designed to avoid trapping air bubbles inside the asprinted paste and also prevent the nanosilver paste overflow along the peripheral of die. Then, all the chips were mounted on the as-printed paste. In order to wet the interface well, the chips were pressed until the nanosilver paste was just squeezed out of the edges of the chips. The die attachment was first heated from the room temperature to 200°C with a smooth ramping rate of 5
II. DIE ATTACHMENT AND PACKAGE STRUCTURE

A. Die Attachment
• C/min and maintained at 200°C for 40 s. Then, the chips could be well bonded with a DBC substrate after sintering at 260°C for 15 min. The die attachment of commercial IGBT modules used a high-lead solder, i.e., Sn5Pb92.5Ag2.5. The melting temperature of the solder is 280°C, and the maximum processing temperature is 296°C. The power chips can also be well bonded with a DBC substrate by vacuum reflowing [35] . Fig. 2 shows the comparison of void distribution in the die attachment of both pressureless sintered nanosilver and soldered Sn5Pb92.5Ag2.5. The void ratio in the soldered Sn5Pb92.5Ag2.5 layer, i.e., 2%-3%, was comparable as that in the pressureless sintered nanosilver, i.e., less than 2%. It is important to eliminate the voids in die attachment because the voids impact the service lifetime of power modules greatly. The voids could be accumulated and grown larger and larger by thermomechanical stress, which could increase thermal resistance resulting in greater temperature fluctuations within the power module [36] . This excess heat accumulation may accelerate further degradation of the power devices.
B. Package Structure
A typical image of an as-fabricated multichip phase-leg 1200-V/150-A IGBT module using the pressureless sintered nanosilver was shown in Fig. 3 schematically. The module includes two identical patterned DBC substrates joined with a copper base plate. The DBC substrates were used to provide a current loop from the bus bar to the chip and then back, dissipate the generated heat by the power loss of the power devices, and isolate the electrical terminals from each other [37] . The copper sheets of the DBC substrates were metallized with a 0.5-μm-thick silver film. One IGBT chip (12.56 mm × 12.56 mm) and two diode chips (6.3 mm × 6.3 mm) were attached on each DBC substrate by pressureless sintering of nanosilver paste as one semibridge element. Each power module consists of the two elements. The terminals and the bridges were connected with the DBC substrates by reflowing SAC305 solder. The bridge was used to connect the two parallel DBC substrates. Sylgard 527 [38] was used as an encapsulant (see the blue part in Fig. 3(a) ) due to its relatively good thermal properties and high-temperature stability. Finally, the encapsulant was cured at 150°C for 30 min.
III. RELIABILITY TESTS
In order to evaluate the reliability of this multichip phaseleg IGBT modules using the pressureless sintered nanosilver, both second-level and minute-level power cycling tests were used here. In addition, the high-temperature solder, i.e., Sn5Pb92.5Ag2.5, was used as a contrast die-attach material to assess the feasibility of the die attachment by pressureless sintering of nanosilver paste. Fig. 4(a) shows the schematic circuit diagram of the test bench for power cycling tests. For each power cycling test, i.e., second-level or minute-level power cycling test, five IGBT modules using sintering of nanosilver paste were connected in series, while five IGBT modules using the Sn5Pb92.5Ag2.5 solder were connected in the other series. A total of 20 IGBT modules were tested in this study. The DUT_A and DUT_B were used as the standard IGBT modules to control the switch on and off during the power cycling tests. Each IGBT module was considered as a single element, which was aged by the power cycling test according to the circuit as shown in Fig. 4(b) . The V GE was set to +15 and −5 V during the power on and off, respectively. For the second-level power cycling test, the fixed current is about 150 A and the power is 270-300 W. The fixed on and off time are both 5 s. For the minute-level power cycling test, the fixed current is about 60 A and the power is 100-120 W. The fixed on and off time are 2 and 4 min, respectively. Failure criteria was defined as 20% increase in collector-emitter saturation voltage (V CE(sat) ) in the power cycling test [39] .
A. Active Power Cycling
The junction temperature (T j ) was measured by means of a temperature sensitive electrical parameter [40] [41] [42] . The value of T j could be calculated by
where T c is the case temperature, which was directly measured by thermocouple. V CE j and V CE c are the collector-emitter voltage at junction temperature and case temperature, respectively. K is the factor connecting the temperature sensitive parameter to the p-n junction temperature [43] . Since the collector-emitter voltage varies linearly with the temperature of the IGBT device, the K-factor could be calculated from the absolute slope of the line and the value is 9.5 mV/ • C in this case. Although there is a certain difference in the K factor of different IGBT chips, we have screened the IGBT chips by measuring V CE of all the IGBTs to guarantee that the K value of each chip is almost the same as 9.5 mV/
• C before the module fabrication. Therefore, we assumed the K factor of all the IGBT herein as 9.5 mV/°C in order to simplify the K factor measurement.
B. Second-Level Power Cycling Test
The objective of this test is to demonstrate the effect of dieattach materials on the reliability of wire bonding. Fig. 5 shows the profile of the power cycling test. The period of each power cycles is only 10 s, i.e., 5 s for power on and 5 s for power off. The junction temperature swings between 25 and 125°C, whereas case temperature varies between 25 and 55°C.
Generally, both Au and Al can be used as wirebond materials of power modules. Considering the cost, we selected Al wires as the wirebond material in this study. Al wires with 15 mil diameter were used for the 1200-V/150-A IGBT modules. It is also worth noting that the bonding between Al wires and Al metallization on the backside of the IGBT chips is not susceptible to the Kirkendall voids so that the Al wire is more reliable than the Au one for bonding Al metallization [44] . Before the wirebond, plasma cleaning was used to remove thin layers of the oxides and the organic residues.
As we may know, the wirebond quality is mainly dependent on ultrasonic power, bonding force, and bonding time. The ultrasonic power was herein set as 1.0-1.6 W. If the power for breaking through the initial oxides is too high, die cratering may be present. However, bond "nonstick" type failures may also occur by reducing the power [45] . The bonding force was set in the range of 600-800 gf. A too high magnitude could damage the bond pad metallization or the pad structure underneath cratering, while too low-force magnitude might lift ball bond due to ineffective transducer power transmitted through the smashed ball [46] . The bonding time was set in the range of 100-150 ms. Excessive bonding time can increase tool maintenance due to contamination build up and wear, and damage or burn appearing wirebonds in areas where the tool contacts the bond [47] . Fig. 6 shows the comparison of wirebond strength between the module with nanosilver paste and the one with Sn5Pb92.5Ag2.5 solder before and after several power cycles. The two kinds of as-prepared power modules show the same wirebond strength. However, the wirebond strength of the module with Sn5Pb92.5Ag2.5 solder decreases sharply after power cycles. The strength of the power module with nanosilver paste solder is even 38% higher than the one with Sn5Pb92.5Ag2.5 after 60 000 cycles. The reason for this phenomenon may be attributed to the difference of the die-attach material. The sintered silver has a high thermal conductivity of 240 W/m·K [48] , while the soldered Sn5Pb92.5Ag2.5 is only about 44 W/mK. For the sintered device, it allowed an improved heat transfer through the die attachment out of the package. The solder, however, is susceptible to delamination or voids in the long service, which may cause local overheating and lead to the increase of the junction temperature [49] . High temperature developed in emitter wires and in wirebond joints causes wire melting and lifting failures [50] , resulting in the strength reduction of the wirebonds. On the other hand, the degradation of the solder die attachment results in a local high-temperature swing (ΔT), which is higher than that of the sintered device [51] . The different ΔT had also been confirmed by Krebs et al. [52] who had compared the reliability of CucorAl wirebonds between soldered devices and sintered devices. In their study, at the beginning of the power cycling test, the current was adjusted to get a ΔT = 110 K. After 50 000 power cycles, the ΔT of the soldered device increased to 132 K, while the sintered device increased only to 116 K. High ΔT is easier to cause the Al wirebond to bear greater compressive or tensile stresses because of the mismatch of their CTE [53] . During the power cycling tests, the Al wirebond constantly endures the temperature swings during the operation between silicon chips and aluminum wires. As a result, the stresses could destroy the Al wirebonds of the IGBT module potentially in the forms of cracking and creep, which lead to the strength reduction of the wirebonds.
It can be indicated that the wire-lifting failure is easier to be present in the power module with Sn5Pb92.5Ag2.5 solder. The failure is attributed to the physical changes of the Al wire because of cyclic thermomechanical stress which could result cracks near the heel and toe of the Al wire [54] . Once some of Al wires fail, the remaining wires have to conduct more current, resulting in a current redistribution in the chip and an increase of the average junction temperature, which could also accelerate the degradation of the failure in the remaining Al wires. Therefore, the stable thermal properties of the die-attach material, i.e., nanosilver paste, result in a longer lifetime of the Al wire bond and, consequently, in a longer lifetime of the power electronic devices. Fig. 7 shows the typical IGBT V CE(sat) versus the number of power cycles between the modules with nanosilver paste and the one with Sn5Pb92.5Ag2.5 solder. The V CE(sat) was tested in a static condition, which means that the power cycle test is interrupted for the measurement. The beauty of this method is that the current for static V CE(sat) measurement is the rated current of the power module with very good accuracy [55] . After 60 000 power cycles, the V CE(sat) of the IGBT module with Sn5Pb92.5Ag2.5 solder increases to 2.01 V, which is 0.11 V higher than that with nanosilver paste. This may be due to the crack propagation in the Al wire bonds and subsequent bonds lift off [56] . The increased V CE(sat) should cause additional power loss, leading to a temperature rise of the entire IGBT module. The modules with Sn5Pb92.5Ag2.5 solder were failed after 60 000 power cycles, which is earlier than the ones with nanosilver paste consequently. The modules with nanosilver paste show longer lifetime for the second-level power cycling and failed after at least 90 000 cycles.
C. Minute-Level Power Cycling Test
The reliability of die attachment is as important as that of wirebonds. A good die attachment must have to meet the desired functionality that could affect mechanical, thermal, and electrical properties of power modules. To evaluate the reliability of die attachment in the multichip IGBT modules, a minute-level power cycling test was performed and its profile is shown in Fig. 8 . Each power cycle lasts 6 min so that there is enough time for the heat to dissipate from power chip to die attachment. The junction temperature swings between 25 and 125°C, whereas the case temperature varies between 25 and 105°C. Fig. 9 shows the comparison of the thermal resistance between the IGBT module with pressureless sintered nanosilver and the one with soldered Sn5Pb92.5Ag2.5. The thermal resistance of the IGBT module can be defined as the temperature drop between junction temperature T j and case temperature T c divided by the power loss P [57] 
The thermal resistance increases with increase in the number of power cycles. Before power cycling, the thermal resistance of the commercial IGBT module with soldered Sn5Pb92.5Ag2.5 is 0.234
• C/W, which is 1.5% higher than that of our asprepared IGBT module with pressureless sintered nanosilver. After 35 000 minute-level power cycles, the resistance of the IGBT module with soldered Sn5Pb92.5Ag2.5 increased to 0.246
• C/W, which is 2.1% higher than that of the IGBT module with the pressureless sintered nanosilver. It was indicated that the solder layer could deteriorate the capability of heat dissipation during the minute-level power cycles. The junction temperature of the IGBT module with the soldered Sn5Pb92. 5Ag2.5 is higher than the one with the pressureless sintered nanosilver. As a result, the Si p-i-n diode reverse-recovery current increased substantially in the case of higher junction temperature because of the increase of the lifetime of the carrier at the higher temperatures [58] . The reverse-recovery current also induces extra reverse-recovery losses of the Si p-i-n diode when the device is turned off, leading to accelerate degradation of the power module with soldered Sn5Pb92.5Ag2.5 [59] . It is worth noting that the evaluated temperature may have no effect on the reverse-recovery loss of SiC Schottky diodes because they are unipolar devices proposed to have a negligible reverserecovery current during turn off [60] . It is also worth noting that the difference in the overall thermal resistance of the IGBT modules module with pressureless sintered nanosilver and the one with soldered Sn5Pb92.5Ag2.5 is not significant. It may be that the thermal resistance of die attachment is only a small fraction of the overall thermal resistance, and the benefit brought by the pressureless sintered nanosilver becomes less significant.
Although the difference of the thermal resistance between the two modules is not significant, the use of nanosilver paste as a die-attach material is more important for further applications, especially in the high-temperature environment. For the IGBT module with soldered Sn5Pb92.5Ag2.5, there is a standard twosolder reflow process; the melting point of solder using as die attachment should be higher than that of one using to bond DBC substrate with base plate. Therefore, the Sn5Pb92.5Ag2.5 is used as a die attachment and the Sn96.5Ag3.0Cu0.5 is selected for bonding DBC substrate with base plate. However, the Sn96.5Ag3.0Cu0.5 with the low melting point is more susceptible to creep failure compared with other die-attach materials with the higher melting point in the long-term service. Since the melting point of the sintered nanosilver is as high as 961°C, many other bonding materials with high melting point could be selected for bonding DBC substrate and base plate. In addition, we also try to use nanosilver paste as DBC-attach layer in our further work so as to obtain better long-term reliability.
Any void, crack, and delamination in the die attachment could also increase the thermal resistance considerably because the thermal conductivity of air is extremely lower than that of any bulk metal [61] . Although the void ratio of the two kinds of dieattach layers was both acceptable for the industrial electronics, the void of sintered silver joints was small and round in shape, while the void of soldered Sn5Pb92.5Ag2.5 joints was irregular in shape. In the case of cyclic loading, the stresses are evenly distributed around the round void, while the stresses are easy to gather at the tip of irregular void. The uneven distribution of stress may promote the initiation and growth of cracks easily. On the other hand, the intermetallic compounds (IMCs) could be generated in the soldered Sn5Pb92.5Ag2.5 joints, whereas no IMC could be formed in the sintered joints, which are made up of metallic silver. These IMCs are generally more brittle than the base metal and have a negative impact on the reliability of soldered Sn5Pb92.5Ag2.5 joint and the IMCs can easily lead to crack initiation and accelerate the propagation of fatigue cracks, and eventually promote the accumulation of damage [61] . As a result, the thermal resistance of the module with soldered Sn5Pb92.5Ag2.5 increases faster than the one with sintered nanosilver during the minute-level power cycles.
During each power cycle, considerable temperature gradients are generated inside the IGBT module. Thermomechanical stresses are also easily produced in the die-attach layers due to the temperature fluctuations. A finite-element modeling was used to simulate and compare the thermomechanical stress distribution between sintered nanosilver and soldered Sn5Pb92.5Ag2.5. Fig. 10 shows the von-Mises stress distribution of the die-attach layer at the end of the fifth power cycle. As seen, the maximum stresses of both die-attach layers are easily located along the center of the layers. The maximum von-Mises stress of the soldered Sn5Pb92.5Ag2.5 layer is 13.4 MPa, which is 2.9 MPa higher than that of the sintered nanosilver layer. Large thermomechanical stresses can destroy the bonding layers, especially for the interface between the soldered Sn5Pb92.5Ag2.5 and substrate. It is well known that the cyclic thermomechanical stress plays an important role in the mechanism of void formation [62] . The induced microcracks at the interface between the bonding layer and substrate may cause faster and more extensive laminate cracking during the thermal cycles. Fig. 11 shows the comparison of I-V characteristics at different number of power cycles between the module with pressureless sintered nanosilver and the one with soldered Sn5Pb92.5Ag2.5. The I-V curves of these IGBT modules were measured by a static testing system (CREA, STD MT100s-20). The on-state resistance increases with increase in the number of power cycles. The forward characteristics of both IGBTs and diodes were recorded with respect to the different temperatures. Since the relationship between the on-state current and voltage is fairly linear [63] . Therefore, the on-state resistance can be expressed as follows:
where R CE and R F represent the on-state resistances of IGBT and diode, respectively, while V t and V f represent the built-in voltages of the IGBT and the diode, respectively. The on-state resistance of the IGBT of the module using sintered nanosilver was 9% lower than that using soldered Sn5Pb92.5Ag2.5 after 35 000 power cycles. The on-state resistance of the diode of the module using sintered nanosilver was 6% lower than that using soldered Sn5Pb92.5Ag2.5 after 35 000 power cycles. The on-state resistance includes three parts: the on-resistance of the power chip, the on-resistance of the wirebond, and the on-resistance of the die attachment. Because the power chips used in the two kinds of IGBT modules could be treated as identical as each other, the increased on-resistance may mainly depend on not only the degradation of die attachment but also the wirebond heel crack or failure. Compared to the sintered device, the soldered device is more prone to cracks and creep degradation in the wirebonds because of the low thermal conductivity and the possible formation of IMCs for the solders [64] . The formation of cracks and creep degradation could lead to an increase in the on-resistance of the wirebonds, resulting in the decrease of capability of taking current in the local hotspot/crack region. Current imbalance could occur among the wires because the rest wires in the other area without hotspot/cracks have to take more current through the power device. Consequently, more heat could be generated further in these wirebonds and may cause wire melting and lifting failures, which also promotes the increase of on-resistance of the wirebonds.
For the die attachment, the resistance of the die attachment can be calculated as where ρ, L, and S are the resistivity, the length, and the cross-sectional area of the die attachment, respectively. The crack growth was likely to be interrupted by the uniformly distributed pores in the sintered silver joints [65] . Therefore, few cracks could be present in the sintered nanosilver. On the contrary, the cracks are easier to be generated in the soldered Sn5Pb92.5Ag2.5 joints due to irregular voids and IMCs [66] . The more cracks in the die attachment, the smaller the cross-sectional area (S) of the die attachment. Therefore, the on-state resistance also increases with the increase in the number of cycles because of the increase of the cracks in the die attachment.
The switching characteristics were also compared between the two kinds of IGBT modules before and after the minute-level power cycling test. The test temperature was fixed at 25°C. The switching behavior of the devices was measured by the doublepulse testing method [67] . The test conditions included dc bus voltage V CC = 600 V, current I C = 150 A, gate resistance R G = 15 Ω, and load inductance L = 200 μH.
The switching waveforms and switching characteristics of the two IGBT modules were shown in Figs. 12 and 13, respectively. Before the power cycles, the switching waveforms of the IGBT module using pressureless sintered nanosilver match well with those of the commercial IGBT module using soldered Sn5Pb92.5Ag2.5. The total switching loss of these two IGBT modules was about 42.5 mJ. After 35 000 power cycles, the total switching loss of the IGBT module with soldered Sn5Pb92.5Ag2.5 was measured to be 56.5 mJ. However, the IGBT module with sintered nanosilver is only 48.9 mJ. Large switching losses not only degrade conversion efficiency but may also lead to the need to take away more heat generated in the device and driver circuitry [68] . The maximum junction temperature of the IGBT module with soldered Sn5Pb92.5Ag2.5 should be higher than that of the IGBT module with pressureless sintered nanosilver in the same conditions because of the higher power loss and the lower thermal conductivity. As a result, the Si p-i-n diode reverse-recovery current as well as reverse recovery energy has to increase over a long duration, resulting in current overshoot and extra turn-on losses of the complimentary IGBTs [69] . 
IV. CONCLUSION
This paper presents the reliability of a multichip phase-leg IGBT module bonded by pressureless sintering of nanosilver paste considering power cycling test. By second-level power cycling test (junction temperature: 25 to 125°C, case temperature: 25 to 55°C), the lifetime of the IGBT module with soldered Sn5Pb92.5Ag2.5 was 30 000 cycles lower than the one with pressureless sintered nanosilver. After 35 000 minutelevel power cycling test (junction temperature: 25 to 125°C, case temperature: 25 to 105°C), the thermal resistance, onstate resistance, and total switching energy of the IGBT module using pressureless sintered nanosilver were 2.1%, 9.0%, and 13.4% lower than that of commercial one, respectively. In summary, this study presents a efficient way different from existing ones to optimize the large-area die attachment for power electronic packaging, especially high-temperature applications, e.g., for assembling SiC or GaN devices at high temperature.
